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Simplified Methods for Predicting Elastic Buckling
of Cold-Formed Steel Structural Members with Holes
Cristopher D. Moen1 , B.W. Schafer2

Abstract
Simplified methods for approximating the local, distortional, and global critical
elastic buckling loads of cold-formed steel columns and beams with holes are
developed and summarized. These methods are central to the extension of the
Direct Strength Method (DSM) to members with holes, as DSM employs elastic
buckling properties to predict ultimate strength. The simplified methods are
developed as a convenient alternative to shell finite element eigenbuckling
analysis, which requires commercial software not always accessible to the
engineering community. A variety of simplified methods are pursued including
(a) hand methods founded primarily on classical plate stability approximations
and (b) empirical extensions to the semi-analytical finite strip method (i.e.,
modifying and using the freely available, open source software, CUFSM). The
proposed methods are verified with shell finite element eigenbuckling studies.
The developed simplified methods are intended to be general enough to
accommodate the range of hole shapes, locations, and spacings common in
industry, while at the same time also defining regimes where explicit use of shell
finite element analyses are still needed for adequate accuracy.

Introduction
The forthcoming implementation of the Direct Strength Method (AISI-S100
2007; Schafer 2008) for cold-formed steel structural members with holes may be
aided greatly by approximate methods for predicting elastic buckling behavior.
Early research evaluated the influence of a single hole on the elastic buckling of
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a thin square plate (Kumai 1952; Schlack Jr. 1964; Yoshiki and Fujita 1967).
Holes were observed to reduce bending stiffness and concentrate the axial stress
in the plate strips adjacent to the hole. This research led to a useful
approximation of elastic buckling stress for plates with holes, based on assuming
the strips adjacent to the hole act as unstiffened elements in compression (Kawai
and Ohtsubo 1968). This approximation laid the groundwork for the
development of the Specification’s “unstiffened strip” approach, where elastic
buckling of the plate strips are used to predict ultimate strength with the
effective width method (Vann 1971; Yu and Davis 1973; Miller and Peköz
1994).
More recent thin shell finite element research on the elastic buckling of
rectangular plates with multiple holes has demonstrated that the presence of
holes can either increase or decrease the critical elastic buckling stress and
change the length and quantity of the buckled half-waves, depending upon the
quantity of hole material removed relative to the size of the plate (Brown and
Yettram 2000; El-Sawy and Nazmy 2001; Moen and Schafer 2006). Research
on an approximate method for calculating the critical elastic buckling loads of
cold-formed steel columns with holes using the semi-analytical finite strip
method has shown promise (Tovar and Sputo 2005). Progress on predicting the
local, distortional, and global buckling of cold-formed steel rack posts with
arrays of small holes has also been achieved (Kesti 2000; Sarawit 2003). The
work presented here focuses on holes common in cold-formed steel framing,
where multiple holes may exist along the length, but typically only a single hole
exists in any one element (i.e., web or flange).
To facilitate the use of DSM for members with holes, approximate (and
conservative) methods for calculating the elastic buckling of cold-formed steel
members with holes are presented in this paper. The simplified approaches can
be used in lieu of a full finite element eigenbuckling analysis. Elastic buckling
approximations based on classical plate stability equations are presented for
stiffened and unstiffened elements with holes. Finite strip approximations for
local and distortional buckling of full cold-formed steel members with holes are
introduced, and modifications to the classical column and beam stability
equations are proposed for global buckling of members with holes. The
simplified methods are intended to be general enough to accommodate the range
of hole shapes, sizes, and spacings common in industry.
Elastic buckling of elements with holes
Approximate elastic buckling prediction methods are presented here for two
common element types in a thin-walled cross-section, stiffened elements (e.g.,
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flange or web of a C-section) and unstiffened elements (e.g., flange lip of a Csection). In design, a stiffened element is approximated as a simply-supported
plate and an unstiffened element is treated as a plate simply-supported on three
sides and free on the fourth edge parallel to the application of load. Element and
hole dimension notation for the prediction methods are summarized in Figure 1.
The strips of plate between a hole and the plate edges are referred to as
unstiffened strip “A” and unstiffened strip “B”. For stiffened elements in
bending, the neutral axis location Y is measured from the compressed edge of
the plate. Finally, δhole is the transverse offset distance of a hole measured from
the centerline of the plate.
L
S/2

C
L Hole

Detail A

S

hhole

Lhole

+δhole
L

h

Plate with holes
Detail A

Unstiffened strip “A”
hA

Compressed edge
Neutral axis
Y
hB

Unstiffened strip “B”

Tension edge

Detail A

Detail A

Figure 1 Element and hole dimension definitions

The viability of the element prediction methods has been verified within the
following geometric limits (Moen 2008):
h
Lhole
L
S
S
≤ 10 , hole ≤ 10 , hole ≤ 0.50 ,
≥2,
≥ 1.5 .
(1)
h
h
Lhole
hA
hB
Stiffened element in uniaxial compression
This approximate method predicts the critical elastic buckling stress of stiffened
elements with holes under uniaxial compression considering two potential
elastic buckling states: buckling of the plate without influence from the hole(s),
or buckling of the unstiffened strips adjacent to a hole, as shown in Figure 2.
Buckled half-waves form
along the length of the plate

hhole/h=0.26, S/Lhole=4

Buckling of the unstiffened
strips adjacent to the hole is
dominant here

hhole/h=0.44, S/Lhole=4

Buckling is dampened at the
holes, half-waves form
between holes

hhole/h=0.66, S/Lhole=4

Figure 2 Buckled mode shapes for a stiffened element with holes
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The elastic buckling stress of a stiffened element with holes is approximated as
f crl = min[ f cr , f crh ] .
(2)
The critical elastic buckling stress for plate buckling (without hole influence) is
2

f cr = k

π 2E ⎛ t ⎞
⎜ ⎟ ,
12(1 −ν 2 ) ⎝ h ⎠

(3)

where k is commonly taken equal to 4 when considering long rectangular plates
(L/h>4). When elastic buckling of the stiffened element is governed by the
buckling of an unstiffened strip adjacent to the hole, the critical elastic buckling
stress of the governing unstiffened strip is:
f crh, net = min[ f crA , f crB ]
(4)
2

f cri

π 2E ⎛ t ⎞
⎜ ⎟ and i = A or B
= ki
12(1 − ν 2 ) ⎜⎝ hi ⎟⎠

(5)

The plate buckling coefficient ki for unstiffened strips A and B are approximated
by (Yu and Schafer 2007):
0.2
ki = 0.425 +
for Lhole hi ≥ 1 ,
,
(6)
(Lhole hi )0.95 − 0.6

ki = 0.925 , and i = A or B.
(7)
for Lhole hi < 1 ,
Eq. (6) accounts for the length of the unstiffened strip, as hole length shortens
relative to the unstiffened strip width, ki increases. This is an improvement over
AISI-S100 which conservatively assumes the lowerbound k=0.425 regardless of
hole length. When Lhole/hi is less than 1, k may be conservatively assumed equal
to 0.925 via Eq. (7) or calculated directly by solving the classical stability
equations for an unstiffened element (Timoshenko 1961).
Anet = (h − hhole ) t

Ag = ht

P2
P1 + P2 = Pcr = f crh, net Anet

hhole

Pcr = f crh Ag
h

P1
fcrh,net

Anet
⎛ h ⎞
= f crh , net ⎜1 − hole ⎟
Ag
h ⎠
⎝
Figure 3 Unstiffened strip elastic buckling stress conversion from the net to the gross section
fcrh,net is the critical elastic buckling
stress of the wider unstiffened strip

f crh = f crh ,net

To compare the buckling stress from the unstiffened strip (fcrh,net) to that of the
entire plate (fcr) equilibrium between the net and gross section must be
considered, as shown in Figure 3 and provided in the following:

f crh = f crh, net (1 − hhole h ) .

(8)
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Stiffened element in bending
Similar to the stiffened element in uniaxial compression, a stiffened element in
bending must consider buckling of the unstiffened strips on either side of the
hole, or buckling of the stiffened element independent of the holes, as illustrated
in Figure 4. Either buckling of the unstiffened strip between the hole and the
compressed edge of the plate (unstiffened strip “A”) or the tension edge of the
plate (unstiffened strip “B”) may occur depending upon the transverse location
of the hole in the plate, the width of the hole (hhole) relative to the depth of the
plate (h), and the location of the plate neutral axis (Y). If the hole is completely
contained within the tension region of the plate then the hole has a minimal
influence on elastic buckling.

Unstiffened strip “B”
buckling (below hole)

Unstiffened strip “A”
buckling (above hole)

Plate buckling (no hole
influence)

Figure 4 Buckled mode shapes for a stiffened element in bending

The critical elastic buckling stress of a stiffened element with holes in bending is
approximated as:
f crl = min[ f cr , f crh ] .
(9)
The critical elastic buckling stress for a stiffened element in bending (without
the influence of holes), fcr, may be determined with Eq. (3), where the buckling
coefficient k is calculated with AISI-S100-07 Eq. B2.3-2 (AISI-S100 2007):
3
(10)
k = 4 + 2(1 + ψ ) + 2(1 + ψ ) ,
and ψ is the absolute value of the ratio of tensile stress to compressive stress
applied to the stiffened element, i.e.:
ψ = f 2 f1 = (h − Y ) Y .
(11)
When elastic buckling of the stiffened element is governed by the buckling of an
unstiffened strip adjacent to a hole, the critical elastic buckling stress is:
(12)
f crh, net = min[ f crA , f crB ]
Consideration of unstiffened strip “A” is required only if hA<Y, i.e., at least a
portion of the hole must lie in the compression region of the stiffened element. If
that condition is met the elastic buckling stress for strip “A” is:
2

π 2E ⎛ t ⎞
⎜ ⎟
f crA = k A
(13)
12(1 −ν 2 ) ⎜⎝ hA ⎟⎠
The plate buckling coefficient for the unstiffened strip “A” is approximated as
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kA =

0.578

ψ A + 0.34

+

2.70 − 1.76ψ A

0.024ψ A + 0.035 + (Lhole hA )

2

, and ψ A =

Y − hA
Y

(14)

Eq. (14) is a modification of AISI-S100-07 Eq. B3.3-2 (AISI-S100 2007). This
expression accounts for the gradient of the compressive stress distribution and
the aspect ratio of the unstiffened strip (Moen 2008).
Consideration of unstiffened strip “B” is required only if hA+hhole<Y, i.e., only
when the entire hole lies within the compressed region of the plate. For this case
the buckling stress of the unstiffened strip, converted to a stress at the
compressed edge is found as:
f crB = k B

π 2E ⎛ t ⎞
⎜ ⎟
12(1 − ν 2 ) ⎜⎝ hB ⎟⎠

2

⎛
Y
⎜
⎜Y −h −h
A
hole
⎝

⎞
⎟
⎟
⎠

(15)

Where the final term in Eq. (15) converts the buckling stress from the edge of
unstiffened strip “B” to the edge of unstiffened strip “A” so that the two stresses
(fcrA and fcrB) may be compared in Eq. (12) to determine the minimum. The plate
buckling coefficient for the unstiffened strip “B” is approximated as:
for Lhole/hB≥0.75
k B = 0.340ψ B2 + 0.100ψ B + 0.573 ,

(16)

k B = 0.340ψ B2 + 0.100ψ B + 0.573 + 15(0.75 − Lhole hB ) ,

(17)

for Lhole/hB<0.75

and the ratio of tension to compressive stresses is:
h −Y
ψB =
, 0 ≤ ψ B ≤ 10 .
(18)
Y − hA −h hole
The plate buckling coefficient kB is developed based on AISI-S100-07 Eq. B3.25 (AISI-S100 2007), but is modified to be applicable over a larger range of ψB
and to account for the increase in kB as the unstiffened strip aspect ratio tends to
zero (i.e., a wide, short strip resulting from a small hole) (Moen 2008).
Conversion to the gross section for the comparison of stresses required in Eq. (9)
requires that:
h
(19)
f crh = f crh,net (1 + ψ A ) A ,
for hA+hhole ≥ Y,
Y
for hA+hhole < Y,

⎡ h ⎛
h ⎞⎤
f crh = f crh,net ⎢1 − hole ⎜ 2ψ A − hole ⎟⎥ .
Y ⎝
Y ⎠⎦
⎣

(20)
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The conversion from fcrh,net at the net section of the plate to fcrh on the gross
cross-section is obtained with a similar method to that described in Figure 3 for
stiffened elements in uniaxial compression; the total compressive force at the net
and gross cross-sections are assumed in equilibrium (Moen 2008).
Unstiffened element in uniaxial compression
For an unstiffened element in compression with hole(s), the approximation
considers buckling of the entire unstiffened element without holes, buckling of
the entire unstiffened element with holes shown in Figure 5a, and buckling of
the unstiffened strip adjacent to the hole at the simply-supported edge. The plate
strip adjacent to the hole and the free edge exhibits Euler buckling as shown in
Figure 5b as its aspect ratio increases, which is not predicted by this method,
motivating the Lhole/hB≤10 limit in Eq. (1).
Holes influence the buckled shape of
unstiffened elements when the hole width
becomes large relative to plate width.

Lhole/hB>10
hhole/h=0.60

hhole/h=0.10

Figure 5 (a) Buckled mode shape of an unstiffened element with holes and (b) Euler buckling
of the unstiffened strip at the free edge

The elastic buckling stress of an unstiffened element in compression with holes
is thus approximated as:
f crl = min[ f cr , f crh ] .
(21)
The critical elastic buckling stress prediction for plate buckling of the
unstiffened element without holes (fcr) is calculated with Eq. (3), where k=0.425
when considering long rectangular plates (L/h>4). The minimum critical elastic
buckling stress of the unstiffened element with holes, fcrh, coincides with either
buckling of the entire unstiffened element with holes or buckling of the
unstiffened strip “A” adjacent to the hole and the simply supported edge, or:
2
⎡
π 2E ⎛ t ⎞
⎛ h ⎞⎤
f crh = min ⎢k
(22)
⎟ , f crA ⎜1 − hole ⎟⎥
2 ⎜
h ⎠⎦⎥
⎝
⎣⎢ 12 1 − ν ⎝ h ⎠
where k is an empirical plate buckling coefficient derived from finite element
eigenbuckling studies which reflect the reduced axial stiffness of an unstiffened
element with holes (Moen 2008):
⎛
L ⎞
k = 0.425⎜⎜1 − 0.062 hole ⎟⎟ .
(23)
hA ⎠
⎝

(

)
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fcrA is calculated with Eq. (5) and modified by the factor (1- hhole/h) to convert
the stress on the unstiffened strip “A” to the stress at the end of the plate so that
it can be compared to the buckling stress of the unstiffened element. fcrh will
always be predicted as less than or equal to fcr with this method.
Elastic buckling of members with holes

The element-based methods introduced in the previous section can be used as
the first step for element-based effective width methods, or to approximate the
(local) elastic buckling stress of cold-formed steel beams and columns.
However, beam and column stability predictions determined from the elementbased expressions are typically too conservative for use in DSM because they
ignore beneficial inter-element interaction in the cross-section. Elastic buckling
approximations are now presented for full cold-formed steel structural members
with holes. The finite strip method is employed to predict local and distortional
elastic buckling, and modifications to the classical column and beam stability
equations are proposed for global buckling of cold-formed steel structural
members with holes. Examples are presented which demonstrate the viability of
the methods. Complete verification studies have also recently been completed
and are provided in Moen (2008).
Local buckling
The approximate method for predicting the local elastic buckling behavior of
cold-formed steel members with holes, presented here, is an extension of the
element-based approximations, where local buckling is assumed to occur as
either plate buckling of the entire cross-section or unstiffened strip buckling at
the location of the hole. The use of the finite strip method allows for a more
realistic prediction of Pcrl (and Mcrl in beams) including the interaction of the
cross-section with the unstiffened strip.
The local critical elastic buckling load Pcrl is approximated for a cold-formed
steel column with holes as
Pcrl = min( Pcr , Pcrh ) .
(24)
The calculation of the local critical elastic buckling load on the gross crosssection, Pcr, is performed using standard procedures defined in Appendix 1 of
AISI-S100-07 (AISI-S100 2007). Pcrh is calculated with the finite strip software
CUFSM (Schafer and Adany 2006) using the net cross-section shown in Figure
6. The corners of the cross-section are restrained in the z-direction in the finite
strip model to isolate local buckling from distortional buckling of the cross
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section. (This method of isolating local buckling is viable for C-section columns
or beams with web holes. For other cross-section shapes and hole locations,
fixity in the x-direction or both the x- and z-directions may be required.) An
eigenbuckling analysis is performed with this net cross-section, and an elastic
buckling curve is generated. The half-wavelength corresponding to the
minimum buckling load is identified as Lcrh. When Lhole<Lcrh, as shown in Figure
6a, Pcrh is equal to the buckling load at the length of the hole (FE and
experimental studies support that buckling in the unstiffened strip occurs over
the length of the hole). If Lhole≥Lcrh as shown in Figure 6b, Pcrh is obtained at the
minimum on the buckling curve (as in this case the hole is long enough to allow
the natural wavelength of the unstiffened strip to form). Determining elastic
buckling loads at specific half-wavelengths is a new and fundamentally different
use of the finite strip method when compared to its primary application within
DSM, which is calculating the lowest fundamental elastic buckling modes of
cold-formed steel members. This method can also be implemented in its current
form to predict Mcrl for beams with holes.
20

20

18

Lcrh

z

16
14

18

Lhole>Lcrh
16
14

Lhole<Lcrh

12

hhole

x

10

10

8

8

6

6

4
2

Lcrh

12
Pcr

PcrPcr
, kips

Restrain
corners in z

4

Pcrh

2

0
0
10

Pcrh

0
1
0
10 10

half-wavelength inches
half-wavelength,

1

10
half-wavelength inches
half-wavelength,

Figure 6 Local elastic buckling curve of net cross-section when (a) hole length is less than Lcrh
and (b) when hole length is greater than Lcrh

An example is now presented where the approximate method is employed to
calculate Pcrl for a 100 in. (2540 mm) long column with an SSMA 362S162-33
cross section and evenly spaced slotted web holes where S=20 in. (508 mm)
(SSMA 2001). Figure 7a compares the finite strip and ABAQUS mode shapes
for hhole/hC=0.14, where hC is the C-section web depth measured from the flange
centerlines. The CUFSM approximate method predictions are plotted for a range
of hhole/hC and compared with ABAQUS eigenbuckling predictions in Figure 7b.
For this example, smaller hole widths lead to the largest reductions in Pcrl. This
counterintuitive result occurs because for small holes unstiffened strip buckling
controls the local buckling behavior and for large holes, local buckling occurs
between the holes. (One must keep in mind that for strength the net section in
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yielding, as well as the elastic buckling load, ultimately determine the capacity,
not just Pcrl.)
0.5
ABAQUS
CUFSM Approx. Method

0.45

Lcrh

0.4
0.35

Pcrl /Py,g

0.3

hhole

hC

0.25
0.2
0.15
0.1

CUFSM Approximation
(SSMA 362S162-33)

ABAQUS

0.05
0

0

0.1

0.2

0.3

0.4

0.5
0.6
hhole/hC

0.7

0.8

0.9

1

Figure 7 Comparison of CUFSM approximate method and ABAQUS local buckling
(a) modes and (b) critical elastic buckling loads

Distortional buckling
An approximate method utilizing the finite strip method is introduced here for
predicting the distortional critical elastic buckling load, Pcrd, of cold-formed
steel columns with holes. The method simulates the loss in bending stiffness of a
C-section from the presence of a web hole within a distortional buckling halfwave by modifying the cross-section thickness in the finite strip method. The
thickness of the entire web is reduced based on the relationship between web
bending stiffness (derived with observations from ABAQUS thin shell elastic
FE analyses) and the bending stiffness matrix terms of a finite strip element
(Moen 2008). The distortional half-wavelength of the cross-section, Lcrd, without
holes is determined first using the gross section of the column in CUFSM to
generate an elastic buckling curve. Half-wavelength Lcrd is defined by the
location of the distortional minimum, as shown in Figure 8. The web thickness
is then modified in the finite strip method to account for the lost stiffness due to
the holes via:
1/ 3

⎛ L ⎞
t web ,hole = ⎜⎜1 − hole ⎟⎟ t ,
(25)
Lcrd ⎠
⎝
where t is the cross-section thickness. A similar modification to t has been
proposed for web-slotted thermal structural studs (Kesti 2000). Finally, an
additional finite strip analysis is performed and the elastic buckling curve is
generated for the modified cross-section and Pcrd (including the presence of the
hole) is determined as the elastic buckling load occurring at Lcrd as shown in
Figure 8. Actually, only a single analysis at Lcrd is required, but a range of L’s
are shown in Figure 8 to illustrate the concept.
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To demonstrate the method, the distortional critical elastic buckling load Pcrd is
approximated for a long column (L=100 in. or 2540 mm) with an SSMA
250S162-68 cross-section and five evenly spaced slotted web holes where S=20
in. (508 mm) and Lhole=4 in. (102 mm). The width of the hole is varied relative
to the web width, and ABAQUS eigenbuckling results are used to evaluate the
viability of the method. Py,g is the squash load of the column calculated with the
gross cross-sectional area and assuming Fy=50 ksi (345 MPa). The ABAQUS
distortional buckling mode shape is provided in Figure 8b, when hhole/h=0.63.
Nine distortional half-waves form along the member in ABAQUS, with every
other half-wave containing one slotted hole. The CUFSM prediction method is
compared over a range of hhole/h to ABAQUS eigenbuckling results in Figure
8b, demonstrating that the CUFSM approximation is a viable predictor of Pcrd.
This approximate method has also been implemented successfully for C-section
beams with web holes (Moen 2008).
3

100

CUFSM Approx. Method
ABAQUS D mode

without hole
90

with hole

2.5
80
70

Lcrd (determined at
local minimum of no
hole curve)

2
Pcrd/Py,g

Pcr , kips

60
50

1.5

40

Lcrd

1
30
20
10

Pcrd (includes
influence of hole)

0
0
10

1

10
half-wavelength, in.

0.5

2

10

0

0

0.1

0.2

0.3

0.4

0.5
hhole/h

0.6

0.7

0.8

0.9

1

Figure 8 Distortional buckling (a) approximating Pcrd for an SSMA 250S162-68 cross-section
with holes and (b) comparing the approximate method to ABAQUS predictions

Global buckling
The exact solution for the global (flexural only) critical elastic buckling load Pcre
of a column with holes symmetrically spaced about the longitudinal midline can
be derived using energy methods based on classical expressions (Timoshenko
1961) modified to account for holes (Moen 2008):
π 2 EI avg
,
(26)
Pcre =
L2
where
⎛ I g LNH + I net LH ⎞
⎟⎟ .
(27)
I avg = ⎜⎜
L
⎝
⎠
Ig is the moment of inertia of the gross cross-section, Inet is the moment of inertia
of the net cross-section, LNH is the length of column without holes and LH is the
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length of column with holes (note that LNH + LH.= L). Iavg is the weighted
average of the gross and net cross section moment of inertia along the column
length.
An approximate method for calculating Pcre is proposed here which extends this
“weighted properties” methodology in Eq. (27) to all of the cross-section
properties of the column required to solve the classical cubic buckling equation
for columns (Chajes 1974):
P 2 xo2
P 2 yo2
(
)
Pcre, y − P (Pcre, x − P )(Pcre,φ − P ) − Pcre, y − P
P
P
−
−
= 0 , (28)
,
cre
x
ro2
ro2
including the cross-sectional area A, moment of inertia Ix and Iy, St. Venant
torsional constant J, and shear center location. The computer program CUTWP
solves Eq. (28) for any general cross-section and is freely available (Sarawit
2006). The net section properties can be calculated in CUFSM (or CUTWP) by
reducing the sheet strip thickness to zero at the location of the hole. The net
section warping torsion constant Cw,net is not as clearly defined though. If crosssection continuity at the hole is assumed, Cw,net is calculated assuming the full
cross-section is resistant to warping (i.e., the line integral used to solve for the
warping function is continuous around the cross-section). This approach leads to
unconservative (stiffer) predictions of the actual average Cw derived from thin
shell FE analysis (Moen 2008). Research is ongoing in this area, but for now it
is recommended to conservatively assume Cw,net=0 when calculating Cw,avg for
use in Eq. (28). In addition to the approximate method proposed here for evenly
spaced holes along the member length, global buckling approximations for
columns with a single hole or irregularly spaced holes have also been recently
developed (Moen 2008).

(

)

(

)

ABAQUS global eigenbuckling results are compared to the “weighted
properties” approximation for an SSMA 1200S162-68 long column with evenly
spaced circular holes. The length of the column L=100 in. (2540 mm), the hole
spacing S=20 in. (508 mm), and the diameter of the circular hole is varied from
hhole/H=0.10 to 0.90 where H is the out-to-out depth of the cross-section. Figure
9 provides the weak-axis flexural and flexural-torsional buckling modes when
hhole/H=0.50. Note that thin shell FE predicts local buckling mixing with the
weak-axis flexural mode when hhole/H>0.50 because Pcre is reduced by the
presence of holes to a magnitude similar to the local critical elastic buckling
load Pcrl=6.69kips (29.8 kN).
The gross cross-section properties Ag, Ix,g, Iy,g, Jy,g, Cw,g and the gross centroid
and shear center locations of the SSMA 1200S162-68 cross section are
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calculated in CUFSM. The net section properties Anet, Ix,net, Iy,net, Jy,net, net
centroid and shear center locations are then calculated in CUFSM assuming zero
thickness at the hole. Cw,net is conservatively assumed equal to zero. Eq. (27) is
employed to obtain the average cross-section properties of the column, which
are then used in the cubic column buckling equation of Eq. (28) (or equivalently
CUTWP) to arrive at the approximate weak-axis flexural and flexural-torsional
critical elastic buckling loads.
Web local buckling
mixes with global mode

Weak Axis Flexural
Pcre=6.96 kips

Flexural-Torsional
Pcre=10.64 kips

Figure 9 Weak-axis flexural and flexural-torsional global buckling modes for an SSMA
1200S162-68 column with evenly spaced circular holes

Figure 10a compares the weak-axis flexural critical elastic buckling load of the
1200S162-68 column calculated with the “weighted properties” prediction
methods to ABAQUS eigenbuckling results. The ABAQUS calculation of Pcre is
systematically 10% lower than the prediction method (even for a column
without holes), which results from the assumption of a rigid cross-section in the
classical stability equations. (The reduction in Pcre was confirmed in CUFSM,
which like ABAQUS, accounts for plate-type deformations in elastic buckling
calculations.) The approximate method is an accurate predictor of the weak-axis
flexural Pcre, even when hole width becomes larger relative to web depth. The
prediction of Pcre using just the net section properties is also plotted in Figure
10a as a conservative baseline.
Figure 10b compares the “weighted properties” methods to ABAQUS results for
the second global mode, flexural-torsional column buckling. The accuracy of the
prediction methods decrease with increase hhole/H confirming that Cw,avg
calculated with Cw,net assuming zero thickness at the hole, but otherwise
continuous, overpredicts the average warping torsion stiffness of the column,
especially as hhole/H becomes large. Using Cw,net=0 in the “weighted properties”
approach is shown to be a conservative predictor of Pcre, although work is
ongoing to improve the accuracy of the method for modes involving torsional
buckling. The “weighted properties” method can also be employed for
predicting the global buckling of beams with evenly spaced holes (Moen 2008).
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Figure 10 Comparison of “weighted properties” predictions to ABAQUS results for an SSMA
1200S162-68 column in (a) weak-axis flexural and (b) flexural-torsional buckling

Conclusions

Viable, conservative, approximate methods for predicting elastic buckling of
cold-formed steel structural members with holes are presented here, both for
elements and the entire member. The element-based approximations primarily
rely on improvements to the unstiffened strip approach to account for hole
length and stress gradients in the partially supported plates adjacent to the holes.
Member-based approximations for local and distortional buckling of coldformed steel rely on empirical modifications to the finite strip method to account
for the new buckling modes introduced by the hole(s). For global buckling a
“weighted properties” approach is proposed for cold-formed steel columns and
beams with regularly spaced holes. Taken together the approximate methods
provide a basic building block for needed improvements in both the elementbased effective width method, and the member-based Direct Strength Method
for the design of cold-formed steel structural members with holes.
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